Background--It is unknown whether renal dysfunction conveys poor anticoagulation control in warfarin-treated patients with atrial fibrillation and whether poor anticoagulation control associates with the risk of adverse outcomes in these patients.
A trial fibrillation (AF) is a common cardiovascular complication associated to poor outcomes, including an increased risk of stroke. Anticoagulant therapy with warfarin can effectively reduce stroke risk by 60% at the cost, however, of an increased risk of intracranial hemorrhage (ICH) and bleeding. 1 The success of preventing adverse events (both ischemic and bleeding events), with warfarin is dependent on maintaining an optimal anticoagulation management, namely, achieving international normalized ratio (INR) between 2.0 and 3.0. The time in therapeutic range (TTR) quantifies the percentage of time within this range, and optimal TTR has been associated with better outcomes. 2 TTR is typically affected by patient-related factors (including comorbidities and genetic predisposition), warfarin dose, drugs known to interact with warfarin, as well as center-and country/health care-related factors. 3, 4 Patients with chronic kidney disease (CKD) often develop AF. At the same time, CKD confers increased risk of ischemic stroke and bleeding. 5, 6 Anticoagulation management in these patients is challenging, and some observational studies have raised concerns regarding the safety and effectiveness of warfarin in AF patients with CKD, particularly those with endstage renal disease and undergoing dialysis. 7, 8 A limitation of those studies is, however, the lack of information on the patient's INR control, which could explain the observed increased risk of adverse outcomes in warfarin-treated patients with CKD. In this study, we hypothesized that patients with CKD have worse anticoagulant control (poor TTR), and that it is a worse TTR that associates with poor outcomes. We tested this hypothesis in a real-world setting of newly diagnosed AF patients initiating warfarin therapy.
Methods Study Population and Exposure
Patients were selected from the Stockholm CREatinine Measurements (SCREAM) project, 9 a health care utilization cohort for the region of Stockholm, Sweden. SCREAM collected laboratory tests and health care use data from all individuals ≥18 years who had serum creatinine measured at least once between 2006 and 2011. SCREAM covers 98% of all cardiovascular disease cases registered in the region. 9 Eligible patients for this study were newly diagnosed AF patients initiating warfarin treatment (see Figure 1 , flow chart). Diagnosis of AF and other comorbidities was obtained from International Classification of Diseases, Tenth Revision (ICD-10) codes (see Tables S1 through S4 for definitions) . AF has been shown to have a high diagnostic validity, with 95% having AF on electrocardiogram when based on ICD codes. 10 Information on pharmacy-dispensed medications was obtained from the Swedish Dispensed Drug registry, which records all dispensations from any Swedish pharmacy (Table S2) .
The index date was the day of the first warfarin dispensation after a new AF diagnosis. Demographics, comorbid history, and ongoing/recent medication (dispensations during the preceding 6 months) were calculated at that point. All available INR measurements from day 30 and up to 730 days (2 years) from the first warfarin purchase were used to estimate TTR. TTR was calculated as the percentage of time that INR was therapeutic (an INR between 2 and 3), assuming a linear association between 2 measurements. 11 Patients were followed until INR measurements stopped (defined as lack of INR measurements within 60 days), occurrence of an adverse event (ICH/ischemic stroke/myocardial infarction [MI]/death), or 2 years from warfarin initiation. The serum creatinine measured closest (within AE6 months) to index date was used to calculate eGFR by the Chronic Kidney Disease Epidemiology Collaboration formula, 12 which is based on creatinine, age, sex, and race.
All creatinines were isotope dilution mass spectrometry standardized, and renal function was categorized according to Kidney Disease: Improving Global Outcomes staging 13 as follows: estimated glomerular filtration rate (eGFR) ≥60 mL/ min per 1.73 m 2 , 45 to 59, 30 to 44, and <30 or treated with dialysis. Patients undergoing dialysis were ascertained by linkage with the Swedish Renal Register. Given that albuminuria is less routinely measured in health care, differentiation of early CKD stages was not possible. The requirement for informed consent was waived in this study. The study was approved by the local ethics committee in Stockholm, Sweden.
Outcome
The study outcome considered a composite of ICH, ischemic stroke, MI, or death. Events were ascertained through ICD-10 codes (Table S4) in connection with a health care consultation and by linkage with the Swedish Population registry, which records deaths and ICD-10 causes of death for all Swedish citizens with no loss to follow-up. The validity of ICH in the Swedish registry is very high at 99.4%. 14 The validity of other ICD diagnoses derived from the patient register is between 85% and 95%. 15 Events were included if occurring within 30 days from the last INR measurement (30-day lag phase).
Statistical Analysis
Continuous data are presented as mean (AESD) or median (interquartile interval; IQR). Categorical data are presented as number and percentage. Fractional regression analysis was used to assess whether eGFR and CKD stages associated with TTR. Analyses were adjusted for clinically relevant factors and factors reported to be associated with TTR in previous studies. 3, 16 These were: age (in categories: <65, 65-74, 75-85, and ≥85 years), sex, diabetes mellitus, liver disease, hypertension, vascular disease, heart failure, valvular disease, amiodarone use, aspirin use, cancer, and renal function (as 4 eGFR categories eGFR ≥60, 45-59, 30-44, and <30/dialysis). The association between TTR, renal function, and adverse outcomes was assessed in a logistic regression model. Covariates included renal function categories (same as above), TTR (categories >75, 60-75, and <60%), age (<65, 65-74, 75-84, and ≥85 years), sex, diabetes mellitus, hypertension, vascular disease, heart failure, valvular disease, cancer, known coagulation/platelet defect, anemia, past ischemic stroke, past venous thromboembolism, past intracranial bleeding, past gastrointestinal bleeding, antiplatelet use, number of INR measurements, and number of days on warfarin. Interactions were tested between renal function and TTR, renal function and age, and age and TTR.
As a sensitivity analysis, we recomputed TTR using only INR measurements during the first 180 days (3 months) of therapy ( Figure 1 ) and then estimated time-to-event from day 180 onward. In this setting, we followed patients for up to 2 years regardless of whether warfarin was discontinued. A Kaplan-Meier curve was used to graphically display the unadjusted association between an adverse outcome and TTR. A multivariable Cox regression analysis assessed the association between renal function, TTR, and the composite outcome. Covariates included the same as mentioned above. The proportional hazards assumption for the Cox model was tested with the Schoenfeld residuals, and overall fit of the Cox model was evaluated by plotting the Cox-Snell residuals. All analyses were performed using STATA software (version 14.1; StataCorp LP, College Station, TX).
Results

Study Population
Between 2006 and 2011, 11 064 new AF cases were registered in the region of Stockholm. Of those, 7738 patients initiated warfarin treatment and had a recent creatinine measured to estimate their eGFR ( Figure 1 , Table 1 ). The median TTR (IQR) was 83% (71-92). The median eGFR was 73 (59-86) mL/min per 1.73 m 2 . There were 11 patients treated with dialysis.
As compared to patients with normal renal function (eGFR ≥60 mL/min per 1.73 m 2 ), those within CKD were older.
Across lower eGFR strata, there was a higher proportion of women and a more-frequent history of hypertension and MI. Both the CHA 2 DS 2 -VASC and HAS-BLED scores were higher. Patients with lower eGFR categories more often used medications that could increase the risk of bleeding (eg, aspirin or a combined antiplatelet therapy; Table 1 ) or drugs known to interact with warfarin (ie, antibiotics).
eGFR Strata and TTR TTR was poorer across lower eGFR strata ( Figure 2 , Table 2 ). This association remained after multivariable adjustment ( Figure 3 , Table 3 ). As shown in Table 3 , patients with eGFR of 45 to 59 had mean predicted TTR of 79%, which, albeit significantly (P<0.05) lower than the reference category (eGFR ≥60), was only 1% higher (95% CI, 0-25). Patients with eGFR of 30 to 44 had mean predicted TTR of 77%, which was 1% lower (95% CI, À3 to À10; P=0.3) than the reference category. On the Table 4 . Other covariates independently associated with worse TTR were, besides eGFR strata, female sex (weak association), higher age (weak association), presence of diabetes mellitus, vascular disease, or heart failure, and concomitant use of aspirin (Table 4) .
TTR, eGFR Strata, and Risk of Adverse Outcomes
A total of 402 (5.1%) adverse events occurred during 254 days (IQR, 91-691; Table 5 ). The most common adverse event was death (2.6%), followed by ischemic stroke (1.7%), ICH (0.5%), and MI (0.4%). In adjusted logistic regression analyses, both renal function and TTR were independently associated with the odds of adverse events ( Table 6 ). The association between TTR and adverse events was not modified by differing eGFR (P for interaction, 0.169 
Sensitivity Analyses
There were 7577 (98%) event-free patients during the first 3 months of warfarin therapy ( Figure 1 ). Survival is graphically displayed after the first 3 months according to TTR strata ( Figure S1 ) and in relation to renal function ( Figure S2 ). We estimated TTR from the first 3 months of INR measurement (Table S5 ) and modeled time to event from month 3 onward by Cox proportional models without censoring at warfarin cessation. During follow-up, 683 patients (9.0%) had an event (Table S6 ). In adjusted Cox regression analysis (Table S7) , both a lower TTR and a lower renal function predicted adverse outcomes, with no interaction terms (P for interaction=0.8 
Discussion
This study shows a clinically relevant association between renal dysfunction and poor TTR among new AF patients on warfarin. An adequate TTR was less frequently achieved in CKD patients, especially among those with severe CKD. This study also shows that fewer adverse events are observed in patients with adequate TTR, irrespective of underlying renal function. TTR is a measure of long-term INR control, which is frequently used in clinical trials and recommended by current National Institute for Health and Care Excellence guidelines. 17 However, we acknowledge that it is probably still rarely used in clinical practice. TTR gives a percentage of time of the treatment period that the INR was therapeutic, but it does not tell whether values were sub-or supratherapeutic. Adverse events are closely related to achieved TTR, with an optimal Output from a multivariable fractional regression analysis including eGFR strata, age (in categories: <65, 65-74, 75-85, and ≥85 years), sex, diabetes mellitus, liver disease, hypertension, vascular disease, heart failure, valvular disease, amiodarone use, aspirin use, and cancer. eGFR indicates estimated glomerular filtration rate. 25 A recent study indicated that ICH risk associated with INR ≥4.0 increased by several fold in individuals with advanced CKD. 7 In most reports, as well as in our study, subtherapeutic INRs (19% of measurements) were more common than supratherapeutic ones (11%). We speculated that poor TTR may, in part, explain the worse outcome and higher bleeding rate described in observational studies of CKD patients on warfarin, particularly among those undergoing dialysis. 26, 27 We observed no interaction between TTR and eGFR and outcome in our study, suggesting that both factors affect outcome independently of each other, and that adequate TTR reduces the adverse event risk also in patients with advanced CKD/dialysis. Despite being the largest study of its kind, we could only identify 11 patients on dialysis satisfying inclusion criteria, and we are therefore underpowered to report TTR-associated outcomes in this particular population. However, our findings accord with an earlier small, retrospective study indicating that no dialysis patient with adequate INR control had a stroke or a fatal bleeding event. 28 Further, Kooiman et al 29 observed that both less time spent within therapeutic range and high INR variability were factors associated with increased risk of stroke and bleeding in warfarin-treated CKD patients. Within our study design, we were concerned that patients who were critically ill/moribund would be taken off warfarin and died shortly after warfarin discontinuation. For that reason, our sensitivity analysis estimated TTR on the first 3 months and analyzed outcome risk emulating an "intention to treat" design. The fact that results were comparable to our main analysis provides robustness to our conclusions. Strengths of this study are the large real-life cohort with information on INR control and eGFR. In addition, the inclusion of newly diagnosed AF patients with complete information on warfarin therapy and outcomes provides more-unbiased associations. However, this study also has limitations: Our analysis is based on repeated warfarin dispensations, but we lack Data presented as n (%). eGFR indicates estimated glomerular filtration rate; ICH, intractranial hemorrhage; MI, myocardial infarction.
information on short-term therapy discontinuations or indications for it. This probably would have prompted the physician to order more INR measurements during that period of time, but likely in the long term would have less effect on TTR. Finally, we only accounted for comorbidities and drugs interacting with warfarin at index date, but not during follow-up. In the multivariable fractional regression analysis, we have included all available variables. However, there could still be residual confounding, given that unmeasured factors associated with a worse TTR are not accounted for. However, it is unknown whether renal function is associated with additional harmful factors.
Conclusion
In real-life newly diagnosed AF patients on warfarin, those with eGFR <30/dialysis have a significantly worse INR control. An optimal TTR (>75%) is associated with lower risk of adverse events, independently of underlying renal function. Identifying the reasons behind, and applying more-stringent efforts to improve, the TTR of these patients is necessary to ensure warfarin's net clinical benefit. 
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